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ABSTRACT
Black holes with masses of 106−109 M dwell in the centers of most galaxies, but their
formation mechanisms are not well known. A subdominant dissipative component of
dark matter with similar properties to the ordinary baryons, known as mirror dark
matter, may collapse to form massive black holes during the epoch of first galaxies
formation. In this study, we explore the possibility of massive black hole formation via
this alternative scenario. We perform three-dimensional cosmological simulations for
four distinct halos and compare their thermal, chemical and dynamical evolution in
both the ordinary and the mirror sectors. We find that the collapse of halos is signifi-
cantly delayed in the mirror sector due to the lack of H2 cooling and only halos with
masses above ≥ 107 M are formed. Overall, the mass inflow rates are ≥ 10−2 M/yr
and there is less fragmentation. This suggests that the conditions for the formation of
massive objects, including black holes, are more favorable in the mirror sector.
Key words: methods: numerical – cosmology: theory – early Universe – high redshift
quasars– black holes physics-galaxies: formation
1 INTRODUCTION
Most of the galaxies if not all today harbor supermassive
black holes (SMBHs) of a few million to billion solar masses
(Kormendy & Ho 2013) and their presence has also been
revealed from the observations of quasars up to z ≥ 7, a
few hundred million years after the Big Bang (Fan et al.
2003; Willott et al. 2007; Jiang et al. 2009; Mortlock et al.
2011; Venemans et al. 2015; Wu et al. 2015; Ban˜ados et al.
2018; Schleicher 2018). The existence of such massive objects
at early epochs poses a challenge to our understanding of
structure formation in the Universe. How come they formed
and how did they grow are still open questions.
Various models of black hole (BH) formation have been
proposed in the literature, which include the collapse of stel-
lar remnants, runaway collisions in stellar clusters and the
collapse of a giant gas cloud into a massive black hole, i.e. the
so-called direct collapse model. These models provide seed
BHs of 10 − 105 M and these seed BHs have to efficiently
grow to reach the observed masses within the first billion
years. Population III stars, depending upon their mass, may
? Corresponding author: latifne@gmail.com
collapse into a BH of a few hundred solar masses. However,
they have to continuously grow at the Eddington limit to
reach the observed masses. The feedback from BHs halts
the accretion onto them (Johnson & Bromm 2007; Alvarez
et al. 2009; Smith et al. 2018) and they may require a few
episodes of super-Eddington accretion (Madau et al. 2014;
Mayer et al. 2015; Lupi et al. 2016; Inayoshi et al. 2016)
to grow to a billion solar masses. The mass of BHs result-
ing from the runaway collisions in dense stellar clusters de-
pends on the density, metallicity and the initial mass of the
cluster. Under optimal conditions, seed BHs from this sce-
nario can have masses of about a thousand solar masses and
have to form within the first 2-3 million years (Portegies
Zwart & McMillan 2002; Devecchi et al. 2012; Katz et al.
2015; Reinoso et al. 2018; Sakurai et al. 2018; Reinoso et al.
2018). Particularly, the potential interaction between stellar
collisions and gas accretion is important. The latter may en-
hance the black hole mass formed in the first stellar clusters
(Boekholt et al. 2018), or trigger the formation of run-away
mergers in clusters of stellar mass black holes (Davies et al.
2011; Lupi et al. 2014). The direct collapse model, on the
other hand, provides BH seeds with masses of about 105 M,
but requires large inflow rates of about 0.1 M/yr (Schleicher
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et al. 2013; Latif & Schleicher 2015; Latif et al. 2016). Such
conditions can be achieved in metal free halos illuminated
by strong UV radiation (Chon & Latif 2017). However, it is
still not clear what would be the number density of direct
collapse black holes. Even the massive seeds would require
rather special conditions to efficiently grow, see Latif et al.
(2018) and Regan et al. (2018). Each model has its pros and
cons, further details about the models can be found in the
dedicated reviews on this topic (Volonteri & Bellovary 2012;
Haiman 2013; Latif & Ferrara 2016; Woods et al. 2018).
In this article, we take an alternative approach and ex-
plore the possibility of forming massive BHs via dissipa-
tive Dark Matter (DM). D’Amico et al. (2018) (hereafter
called D18) have proposed that a small component of mir-
ror matter (i.e. an elegant model of dissipative DM; see
e.g. (Berezhiani 2005; Foot 2004; Blinnikov & Khlopov 1983;
Khlopov et al. 1991)) may form intermediate mass BHs.
They have shown, using one-zone models, that the thermal
and the chemical evolution for both the mirror M and the
ordinary O sectors are different due to the lower M radia-
tion temperature. Furthermore, they found that the thermal
evolution in theM sector depends on the virial temperature
of the halo and 3D simulations are required to investigate
this effect. They also pointed out that, in the presence of
this dissipative DM sector, the BHs are expected to grow at
a faster rate with respect to the ordinary case as they can
accrete both collapsed O and M matters. Motivated by the
work of D18, we perform 3D cosmological simulations of the
first minihalos forming at z = 20−30 and explore the impact
of hydrodynamics and the collapse dynamics on the ther-
mal and chemical properties of the halos in the M sector.
We compare our results with the O sector and also assess
the inflow rates, as well as study fragmentation properties
of these halos. Our findings suggest that halos forming in
theM sector are about an order of magnitude more massive
and they may have important implications for the formation
of first structures in the Universe.
Our article is organized as follows. In section two, we
describe the model, and the numerical methods and initial
conditions. We present our results in section three and confer
our conclusions in section four.
2 SETTING THE STAGE
2.1 A dissipative DM Model
In terms of microphysical properties, a symmetric mirror
sector (the parity symmetry which exchangesM and O field
is not broken) is identical to the standard model of parti-
cle physics, for details see D18 and references therein. The
M sector differs from the O one only in two macroscopic
quantities: i) the ratio of abundances β = Ω
′
b/Ωb and ii) the
ratio of radiation temperatures x = T
′
γ/Tγ. The
′ symbol
denotes mirror matter. To avoid stringent BBN and CMB
limits, the M sector must be colder than the ordinary one
(x . 0.3 (Berezhiani et al. 2001; Berezhiani 2005; Foot &
Vagnozzi 2015)).
In our simulations, we assume β = 1 and x = 0.01. The
rest of DM is in the form of standard cold and collisionless
DM. These values could result from aM sector with a broken
mirror parity (see e.g. Berezhiani et al. (1996)) or minimal
mirror twin Higgs (see e.g. Barbieri et al. (2016)). Although
one cannot easily predict typical values for these parameters,
we expect that our benchmark model exhibits macrophys-
ical behavior common to several microphysical realizations
of mirror DM. In addition to the β and x parameters, we
assume for simplicity that the chemistry is the same in the
two sectors. However, one can easily imagine scenarios in
which the mirror chemistry makes production of H2 more
difficult (Rosenberg & Fan 2017). We cannot study these
at the moment, but we expect that our benchmark model
exhibits similar qualitative features.
We neglect the baryonic component when adding the
M sector, effectively including only conventional DM and
mirror DM in the simulations. These components only in-
teract gravitationally (and via renormalizable portals that
we set to zero), so we assume their impact is not strong as
on larger scales gravity is dominated by the DM, and on
smaller scales self-gravity takes over. To solve the chemical
and thermal evolution of M matter in the early Universe,
we follow the approach of D18. They have shown that due
to the faster recombination in the M sector, the fraction of
free electrons is lower and results in a suppressed abundance
of M molecular hydrogen.
2.2 Numerical methods
We employ the publicly available code Enzo (Bryan et al.
2014) to conduct hydrodynamical cosmological simulations.
Enzo is an open source, adaptive mesh refinement (AMR),
parallel, multi-physics simulation code which can run and
scale well on various platforms using the message passing in-
terface (MPI). Hydrodynamics is solved using the piece-wise
parabolic method (PPM) and the DM dynamics is computed
with particle-mesh based N-body solver. For self-gravity cal-
culations, we use a multi-grid Poisson solver.
We make use of the MUSIC package (Hahn & Abel
2011) to generate cosmological initial conditions typically at
z ≥ 100 by using the PLANCK 2016 data with ΩM = 0.3089,
ΩΛ = 0.6911, H0 = 0.6774 (Planck Collaboration et al. 2016).
Our cosmological volume (simulation box) has a comoving
size of 1 Mpc/h, we select the most massive halo forming
in our computational domain at z ≥ 20 and place it at the
center of the box. We employ nested grid initial conditions
with top-level grid resolution of 1283 cells and an equal num-
ber of DM particles. We subsequently employ two additional
nested grids each with the same resolution as of a top grid. In
addition to this, we further employ 18 additional levels of re-
finement during the course of the simulations which provide
us with an effective resolution of about 200 AU. We ensure a
Jeans resolution of at least four cells during the simulations.
In total, we employ 5767168 DM particles to solve the N-
body dynamics which provides us an effective DM resolution
of about a few hundred solar masses. Our refinement crite-
rion is based on the baryonic overdensity and the DM mass
resolution. A cell is marked for refinement when it exceeds
four times the cosmic mean density or DM particle density
of 0.0625 times ρDMr`α where ρDM is the dark matter density,
r = 2 is the refinement factor, ` is the refinement level, and
α = −0.3 makes the refinement super-Lagrangian.
We use the KROME package (Grassi et al. 2014) to self-
consistently solve the thermal and chemical evolution of nine
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Figure 1. Phase plots of the temperature in the reference halo for both the O (left) and the M (right) sectors. The top row shows the
initial redshift, the middle row the virialization redshift and the bottom row the collapse redshift.
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Figure 1. Phase plots f the temperature in the ref r nce halo for both the l e (right) sectors. The top row shows the
initial redshift, the middle row the virialization redshift and the bot om row t shift.
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primordial species (H, H+, H−, He, He+, He++, H2, H+2 , e
−)1
in cosmological simulations. Our chemical model includes
the most important gas phase reactions and processes in-
cluding the formation of molecular hydrogen. It also includes
the cooling and heating processes due to collisional exci-
tation, collisional ionization, radiative recombination, colli-
sional induced emission, H2 and chemical heating/cooling.
For theM sector with x = 0.01, theM helium fraction is
almost negligible (Berezhiani 2005). More importantly, the
initial abundance of free M electrons at z = 100 is about
four orders of magnitude smaller than the ordinary one (see
Fig. 1 of D18) and we scale the fractions of other species
accordingly.
3 RESULTS
We present the main findings of the present work in this sec-
tion. In total, we have performed eight cosmological simula-
tions for four different halos in both sectors. The properties
of the simulated halos are listed in table 1. In the coming
subsections, we discuss and compare the thermal and chem-
ical evolution of the halos in both sectors. We also point out
the differences in the fragmentation properties of the halos.
3.1 Time evolution of a reference run in the
mirror and baryonic sector
We take halo 1 as the reference case and compare its thermal
evolution in both sectors as shown in figure 1. The temper-
ature of the gas in the M sector at z = 100 is lower than
the O sector due to inefficient Compton heating. As collapse
proceeds gas falls in the DM potential and gets heated up to
about 1000 K due to the virialization shocks. In the O sector,
gas starts to cool and collapse after reaching the molecular
hydrogen cooling threshold (a few times 105 M) at z =23.
In the M sector, due to the inefficient production of molec-
ular hydrogen, gas cannot cool until the halo mass reaches
the atomic cooling limit. Consequently, the halo virial tem-
perature reaches around 104 K and the halo mass ≥ 107 M.
For the M sector, strong shocks during the virialization of
an atomic cooling halo catalyze H2 formation by enhanc-
ing the electron fraction and as a result H2 abundance gets
significantly increased.
Once sufficient M H2 has formed, the gas temperature
is brought down to about a few hundred Kelvin in the core
of the atomic cooling halo. Overall, the temperature in the
center of M halos is about a factor of two higher compared
to the O sector. The halo mass is about a factor of twenty
larger and the collapse is delayed until z ∼ 14, see table 1.
This suggests that the first halos forming in the M sector
are atomic cooling halos while in the O sector minihalos are
formed first. This will have an important implications for
the early structure formation, see our discussion below.
1 From now on, instead of using chemical notation for H+ and H,
we use HII and HI, respectively.
3.2 Comparison of different halos and
fragmentation study
We here compare the chemical and thermal evolution of four
different halos in theM sector only. The plots of H2 and HII
mass fractions and temperature against the gas density at
the collapse redshifts of the halos are shown in figure 2. The
HII fraction at low densities is about 10−7, a few orders of
magnitude lower compared to the O sector and reaches up
to ∼ 10−4 at densities between 10−26 − 10−24 g/cm3 due to the
strong virialization shocks. At higher densities, the HII frac-
tion starts to decline due to the Lyman alpha and molecular
hydrogen cooling which brings the temperature down. This
trend has been observed for all halos. The enhanced electron
fraction during the process of virialization acts as a catalyst
for the formation of molecular hydrogen and as a result the
H2 fraction gets boosted about six orders of magnitude. After
the halo has virialized, the H2 fraction continues to increase
and gets further enhanced due to the three body reactions.
The typical abundance of H2 in the core of the halo is a few
times 10−2 and the same is for all halos. Overall, the halos
with higher virial masses have higher HII and H2 fractions.
Contrary to the O sector, the temperature of the halo
continues to increase until it reaches the atomic cooling
regime due to the low H2 fraction at earlier times. By that
time, the halo mass is above 107 M and Lyman alpha cool-
ing becomes effective at densities above 10−24 g/cm3. After
reaching the atomic cooling limit, the molecular hydrogen
formed during the virialization brings the gas temperature
down to a few hundred K. Consequently, the formation of
minihalos remains suppressed in the M sector. To further
clarify the differences between two sectors, we show the av-
eraged radial profiles of H2 and HII mass fractions in figure 3.
Although the initial abundances of H2, HII, HI and electrons
are a few orders of magnitude lower in theM sector, they be-
come almost similar to the O sector after virialization. Due
to the larger halo mass in M sector, stronger virialization
shocks boost the abundances of these species and reduce
the differences between the two sectors.
To compare the dynamical properties of the halos, we
show the profiles of the temperature, density, enclosed mass
and the mass inflow rates in figure 4. The density in the
outskirts of the halo is 10−24 g/cm3 and increases up to
10−16 g/cm3 in the core, with small bumps due to the pres-
ence of substructure. The density profiles are almost similar
in both sectors for all halos and follow the ∼ R−2.1 behaviour
as expected for H2 cooled gas. Consequently, the enclosed
gas mass profiles are similar in both sectors, but almost an
order of magnitude larger around 100 pc in the M sector.
This difference comes from the larger halo masses in the M
sector. The temperature profiles show that differences be-
tween the two sectors are very prominent above 10 pc. For
instance, at 100 pc the temperature in theM sector is about
8000− 104 K while in the O sector the temperature does not
exceed 103 K. These differences are again due to the larger
halo masses in the M sector. In general, gas in the centre
of the halos is warmer in the M sector. The average mass
inflow rates for both sectors are between 0.001 − 0.1 M/yr
and they are generally lower in the O sector.
The morphology of the halos at their collapse redshifts is
shown in figure 5. The density structure in the central region
of the halo is different for both sectors and this trend is
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Phase plot of H2 and HII mass fractions, and temperature against gas density for four halos in the mirror sector. Each row
represents a different halo at its collapse redshift, as listed in table 1.
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Figure 2. Phase plot of H2 and HII mass fractions, and temperature against gas density for four halos in the mirror sector. Each row
represents a different halo at its collapse redshift, as listed in table 1.
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Table 1. The properties of the simulated halos are listed here. The second and fourth columns are the halo masses w/o (Halo MassO)
and w/ (Halo MassM) mirror baryons. The third and fifth columns denote the collapse redshifts in the O and M sectors respectively.
Model Halo MassO Collapse redshiftO Halo MassM Collapse redshiftO
No M z M z
1 3.5 × 105 23.3 1.01 × 107 13.79
2 1.3 × 106 20 2.69 × 107 14.05
3 7.8 × 105 24.5 1.3 × 107 13.35
4 6.7 × 105 25.4 1.2 × 107 16
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Figure 3. Spherically averaged and radially binned profiles of the HII, and H2 mass fractions. The solid lines represent halos in the
mirror sector while dashed lines are for the halos in the ordinary sector, as listed in table 1, all computed at the collapsed redshift. The
colors, red, blue, green and black represent halos 1, 2, 3 and 4, respectively.
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Figure 4. Spherically averaged and radially binned profiles of gas density, temperature, enclosed gas mass and mass inflow rates. The
solid lines represent halos in the mirror sector while dashed lines are for the halos in the ordinary sector, all computed at the collapsed
redshift, as listed in table 1. The colors, red, blue, green and black represent halos 1, 2, 3 and 4, respectively.
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Figure 5. Density projections (the average density along the line of the sight) at the collapse redshifts of the halos for the central 500
pc region. The top row shows halos in the mirror sector while the bottom row corresponds to the ordinary sector.
observed for all halos. In general, for the O sector the density
structure is more dense, filamentary and compact compared
to theM one. Moreover, there are more than one gas clumps,
and they are well separated, while in theM sector structures
are more spherical and fluffy. This comes from the fact that
the molecular hydrogen is mainly concentrated in the core
of the halo in theM sector while in the outskirts of the halo
H2 is below the universal value (i.e. 10−3). Based on these
indications, more fragmentation is expected in the O sector.
However, the possibility of fragmentation at the later stages
of collapse in the M sector cannot be completely ruled out.
4 DISCUSSION AND CONCLUSIONS
In this study, we have investigated the possibility of BH
formation in the context of dissipative DM. Previous works
(D18) suggest that a small component of DM similar to the
baryonic matter may collapse to form massive BHs. D18
show, employing one-zone models, that the evolution in the
M sector is very different from the O one. Motivated by the
work of D18, we have performed 3D cosmological simulations
for four different halos to explore the impact of hydrody-
namics and collapse dynamics on the thermal and chemical
evolution as well as their implications for structure forma-
tion.
In our simulations of O sector, we have only ordinary
baryons and collisionless DM to compare with simulations of
M one. For the O sector, the mirror component is expected
to collapse later than the baryonic component and therefore
to have negligible effect. For theM sector, the potential in-
fluence of the baryons is only via gravity. Hence we expect
that due to the inefficient cooling, the cloud will not be able
to collapse even if we take into account the additional grav-
itational effect of baryons.
In general our results are in an agreement with the
findings of D18. We show that the formation of minihalos
remains suppressed in the M sector due to the deficiency
of molecular hydrogen and the gravitational collapse is sig-
nificantly delayed by ∆z ∼ 10. Consequently, gas keeps col-
lapsing until the halo mass reaches an atomic cooling limit
with typical halo masses of 107 M⊙ and virial temperatures
around 104 K. Before the virialization of the halos, the abun-
dances of H2 and HII are a few orders of magnitude lower
in the M sector, but become comparable to the O one af-
ter virialization because of strong shocks. In general, the H2
mass fraction is about a factor of two lower and the temper-
ature is about a factor of two higher. The mass inflow rate
is ≥ 10−2 M⊙/yr, a factor of a few higher than in the baryonic
sector. The degree of fragmentation is also very low. Over-
all, halos in theM sector are very similar to halos irradiated
by a moderate background UV flux in the standard scenario
(Schleicher et al. 2010; Latif et al. 2015).
These factors suggest that the conditions for the forma-
tion of massive objects, including BHs, are more favourable
in theM sector. Furthermore, when BHs form the accretion
rate is largely boosted because they can accrete a substantial
portion of dissipative DM. Our results reinforce the findings
of D18 and provide a viable alternative of massive BH for-
mation at high redshift.
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